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ABSTRACT OF THESIS
IDENTIFICATION AND CHARACTERIZATION OF EPIGENETIC REGULATORS
IN THE YELLOW FEVER MOSQUITO, AEDES AEGYPTI
Due to the increased interactions between the sylvatic and urban cycles of Aedes
aegypti life cycle, there has been an increase in the incidence of vector-borne diseases. The
risk involved through the transmission of viruses like Dengue, Zika, Yellow-fever and
Chikungunya calls for an effective control method for the deadly vector. The possibility of
pesticide resistance and the costs involved in producing new pesticides have pushed Sterile
Insect Technique (SIT) into prominence. However, current methods used to sterize insects
for SIT are not highly efficient. This study tackles current issues in mosquito control by
identifying and characterizing epigenetic regulators that could be used for larval control
and genes that could be used for sterilization of adult males. RNanoparticle conjugated
dsRNAs targeting genes coding for epigenetic regulators, Histone acetyltransferases,
deacetylases, methylases and demethylases induced premature death of Ae. aegypti during
late larval and early-mid pupal stages. The study also identified 34 testes-specific genes
using a Concomitant evaluation of Distinctness and similarity (CDS) statistical test. Three
genes (PAN1, CFAP299, H1) were knockedout using CRISPR-Cas9 genome editing
method. The knockout males crossed with wild-type males caused a decrease in egg
production (71.2% in PAN1, 81.9% in CFAP299 and 97.5% in H1) by females suggesting
that these genes could be used to sterilize males for SIT.
KEYWORDS: Yellow fever mosquito, Vector, Biological control, Genome editing,
RNAi, Nanoparticle mediated delivery
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CHAPTER 1. LITERATURE REVIEW
1.1

Epigenetics
Epigenetics refers to the study of heritable phenotypic changes that are caused

without DNA modification (11). Epigenetics usually affects gene activity by inducing
changes in expression levels. Genes are controlled by a number of factors that include
many upstream and downstream elements and at various stages; DNA, RNA, Protein
(12). The elements of interest for this study specifically allude to groups that modify
histones. However, this is not limited to explicitly histone modifiers as this study does
take into consideration epigenetic factors that recruit histone modifiers.
Epigenetic factors are found in various forms ranging from DNA binding proteins
to small RNA’s to histone-modifying enzymes. These epigenetic factors are usually part
of highly conserved mechanisms that have resulted from evolutionary changes (13).
Epigenetic factors are also part of mechanisms that dictate the expression level of a
multitude of genes. This provides us with an interesting set of genes to study as a given
epigenetic factor could be involved in triggering the expression of a group of genes while
at the same time silencing another group of genes. This also provides for an interesting
dynamic in the biological system as it is possible to understand the role of a single
epigenetic factor in a mechanism like molting or reproduction (12,13,15). This will
eventually lead to mapping out the entire biological pathway that is at work in a given
scenario. By understanding the roles of several epigenetic factors, it is possible to test
their applicability in yellow fever mosquito control. This study also gives us muchneeded information to understand the mechanisms at play and further enhance our
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knowledge in understanding some of the complex mechanisms of gene regulation leading
to phenotypic changes.

1.2

Histone Modification
Histone Modification is one of the central processes that dictate epigenetic

regulation thorough chromatin manipulation. The major histone modifications include
acetylation, phosphorylation, and methylation that control the accessibility of genetic
material in specific chromatin regions (14). However, there are also other modifications
related to histones, such as ubiquitination, which has a multitude of roles in both
transcription and DNA repair mechanisms (21,22). In addition, other histone
modifications such as GlcNAcylation, citrullination, krotonilation and isomerization are
also being studied for their specific roles in marking unique amino acids leading to
changes in chromatin structure (23). Histone acetylases add an acetyl group by working
in conjunction with a Histone demethylase that serves to remove a methyl group. Histone
acetylases and Histone demethylases are also accompanied by transcriptional activators;
in certain cases, Histone acetylases and demethylases are recruited by transcriptional
activators (16,17,18). Histone deacetylases remove an acetyl group and work in
conjunction with a Histone methylase that serves to add a methyl group. Histone
deacetylases and Histone methylases are accompanied by transcriptional repressors and
could also be recruited by specific transcriptional repressors (16,17,18).
The role of acetylation/methylation events has been established and well-studied
in Drosophila melanogaster. HDACs and HATs have been shown to play a role in
metamorphosis and development in D. melanogaster (19,20). But due to the unique
nature of Aedes aegypti among dipterans, primarily due to its dependence on blood
2

feeding and its potential as a disease vector, it is crucial to understand histone
modification and epigenetics from the vector’s perspective. The unique developmental
and reproductive mechanisms of the yellow fever mosquito among dipterans also call for
thorough research that delves into the vector’s molecular pathways.

1.3

Histone acetylation/deacetylation and methylation/demethylation
Histone modifying genes can be broadly classified into methyl acting and acetyl

acting groups. With each of the groups consisting of acetylases/deacetylases and
methylases/demethylases. Histone methylases primarily act on histones by adding a
methyl group. Due to the positive charge on this methyl group, it attracts the negative
charge on a DNA molecule resulting in a compact chromatin structure (Figure 1.2).
Similarly, histone acetylases add an acetyl group that is negative in charge and repels the
DNA resulting in an open chromatin structure (Figure 1.1). Histone demethylases and
deacetylases work by removing the methyl and acetyl groups present. In addition,
Histone methylases usually work with histone deacetylases, whereas histone
demethylases work with histone acetylases during chromatin remodeling events. This is a
complementary reaction as, once a methyl group is removed, an acetyl group is added to
ensure that the chromatin is exposed for gene expression. Similarly, once an acetyl group
is removed, it is followed by the addition of a methyl group to ensure the chromatin is
closed for gene repression. Both histone methylases/demethylases and histone
acetylases/deacetylases are usually accompanied by transcriptional factors. Histone
methylases and histone deacetylases are accompanied or recruited by transcriptional
repressors, whereas histone demethylases and histone acetylases are accompanied or
recruited by transcriptional activators.
3

Histone deacetylases (HDACs) are enzymes that deacetylate both histone and
nonhistone proteins by removing the acetyl group from the lysine residues. In Ae.
aegypti, there are 11 HDAC enzymes that use either zinc- or NAD+-dependent
mechanisms to deacetylate acetyl-lysine substrates (Table 1.1). Classes I, II and IV
primarily use Zinc dependent mechanisms to remove acetyl groups from histones and are
ubiquitously present throughout the life cycle of a mosquito. Sirtuins from Class 3
primarily use NAD+ dependent mechanisms to deacetylate acetyl groups from histones in
mitochondria. HDAC SAP30 Subunit is not a deacetylase; however, it is a crucial
component in guiding the transcriptional factor Sin3A, which is associated with HDAC1
and HDAC2. The protein has also been shown to be the key unit for stabilizing the
deacetylase complex that is formed during chromatin modification events. HDAC1
knockdown has been shown to cause tumors in D. melanogaster ovary following
knockdown (124). HDAC1 has also been shown to affect homeotic gene silencing crucial
for patterning as well as influence cell death in epithelial cells (125). HDAC’s are also
reported to be crucial in cell growth and metamorphosis in D. melanogaster cells (126,
127). Furthermore, HDAC inhibitors have been effective at suppressing polyglutaminedependent neurodegeneration in the Drosophila model for Huntington’s disease (128,
129). Another group of deacetylases, Sirtuins have been primarily implicated for their
role in influencing lifespan in D. melanogaster; several studies also imply that sirtuins
could be part of the apoptotic pathway (130, 131, 132). Sirtuins have also been shown to
play a role in fat storage in larval stages of D. melanogaster. This is crucial as fat storage
and nutrient availability are important factors that influence ecdysteroid signaling,
thereby affecting metamorphosis (133).

4

Histone acetyltransferases in Ae. aegpyti are predominantly of three types, Lysine
acetyltransferases (KATs), N-terminal acetyltransferases (NAT & NAA), and N-acyl
transferases. Lysine acetyltransferases are of two major types, GNAT’s and MYST
acetyltransferases (91). GNAT’s are Gcn5 related acetyltransferases that transfer an
acetyl group from acetyl-CoA. GNAT’s have been shown to be crucial in embryogenesis
and also shown to control the propagation of germline cells in D. melanogaster (92, 93,
94). MYST family acetyltransferases predominantly consist of a zinc finger and acetylCoA binding motif. MYST acetyltransferases have been implicated for their role in
cancer (90). Specific MYST Acetyltransferases have also been shown to be crucial for
cellular division in D. melanogaster (89). Other important studies have shown that lysine
acetyltransferases are involved in the regulation of DNA damage repair mechanisms,
transcription regulation and circadian rhythms (95). In total, 16 lysine acetyltransferases
were identified, which have been analyzed to identify possible targets specific to the
group (Table 1.2).
N-terminal acetyltransferases specifically work on transferring an acetyl group
from acetyl-CoA onto an N terminal alpha-amino groups. One important aspect of Nterminal acetylation is the irreversibility of adding the acetyl groups. It is unknown if a
specific group of deacetylases exist to remove the acetyl group from the N-terminal
position (98). Studies have shown N-terminal acetyltransferases are important in
development and play a crucial role during cell division. NAA’s have also been shown to
be involved in both pre and post-translational events by affecting ribosomes and Golgi
apparatus (99,100). In the present thesis, N-terminal acetyltransferases were classified
into N-alpha acetyltransferases and N-alpha acetyltransferase subunits (Table 1.3).

5

Although not necessarily identified as acetyltransferases, N-acyltransferases were
identified as well. Primarily, due to their domain structure, which resembles the
acetyltransferase domain of N-acetyltransferase, they are also shown to have the catalytic
domain of Gcn5 histone acetyltransferases (96, 97). Considering that the acetyl group is a
type of acyl group, NATSF’s were chosen to be tested for the current thesis. Due to the
lack of research on these genes, they are not yet considered N-acetyltransferases.
However, it is possible to further study these genes to ascertain their place in the
classification of acetyltransferases (Table 1.3).
Protein arginine methyltransferases (PRMT’s) are enzymes that utilize Sadenosylmethionine, S-adenosylhomocysteine or methylarginines to transfer a methyl
group onto both histone and non-histone proteins (101, 102). In addition to PRMT’s,
other methyltransferases that were similar yet unclassified due to the lack of research
were also added. PRMT’s have been shown to be important during the developmental
stages of D. melanogaster. PRMT1 has been shown to be a co-repressor of the ecdysone
receptor (EcR), which plays a key role in metamorphosis as it binds to 20hydroxyecdysone (103). Also, CARM1 has been shown to influence ecdysone-mediated
cell death in D. melanogaster cells, knockdown of CARM1 results in cessation of cell
death induced by ecdysone signaling (105). PRMT5 has been shown to play a key role in
germ cell formation by aiding the localizing of Tudor in the nuage (104). In addition to
PRMT’s, homocysteine and S-adenosyl methyltransferases were also identified for
inclusivity purposes. Homocysteine methyltransferase has been shown to methylate
piRNA’s and siRNA’s, thereby acting in the gene silencing pathway. The methylation of
piRNA’s is crucial as ablation of this process has been shown to decrease the abundance
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of piRNA’s in the germline, thereby disrupting the protection offered from transposon
attacks (106). PRMT’s were considered as one group and HCMT, SAMT and PQMT
were classified intro independent groups due to the lack of existing research (Table 1.4).
Lysine specific methylation can occur in different types such as
monomethylation, dimethylation or trimethylation, each leading to a different outcome
depending on the scenario of the methylation in the biological system (107). KMT’s use
an S-adenosylmethionine to catalyze the transfer of a methyl group to the subsequent
lysine residue (106). KMT’s such as G9a and Su(var)3-9 have been shown to suppress
position effect variegation (PEV), PEV can occur either through transposition or
rearrangement of chromatin. However, it is highly likely that G9a and Su(var)3-9 affect
the packaging of heterochromatin resulting in gene silencing (108). SETDB1 has been
shown to influence the fate of germ cells with regards to gender-specific gametogenesis,
SETDB1 results in the silencing of the testes specific genes in the germ cells promoting a
female identity (109). SETDB1 has also been shown to work in conjunction with
Su(var)3-9 to maintain heterochromatin regions during developmental stages, thereby
influencing metamorphosis (110). Another SET domain methylase, Trithorax has been
shown to affect Hox gene expression in D. melanogaster (111). SET1 and SET2 have
also been shown to influence developmental stages in D. melanogaster. Studies have
shown that SET2 knockdown results in a failed puparium formation blocking adult
development. (112, 113). SET and MYND domain methylases have also been studied in
D. melanogaster, implicating them in pupa development. The knockdown of SYMD
genes resulted in a failed eclosion resulting in late pupal deaths (114). SYMD’s have also
been implicated in numerous cancers through their correlations with multiple growth
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factors (115, 116, 117). For this study, all lysine-specific methyltransferases and SET
domain-containing lysine methyltransferases were classified as KMT’s. In addition, SET
and MYND domain-containing methyltransferases were classified as a separate group
called SYMD (Table 1.5).
Histone demethylases primarily remove methyl groups from lysine residues
through hydroxylation of the methyl group which is followed by dissociation of a
formaldehyde group (118). Lysine-specific demethylases have been implicated in
numerous biological processes crucial to development. KDM2 has been shown to be
involved in the nucleolar organization in transgenic D. melanogaster (119). KDM4A has
been shown to be a transcriptional co-activator that colocalizes with EcR at target gene
promoters implying a crucial role in metamorphosis (120). Lysine specific demethylases
have also been shown to be important in remodeling chromatin for wing development
(121). Jumonji class demethylases such as Jarid have been shown to remodel
heterochromatin regions harboring circadian genes, implying a role in maintaining the
circadian clock (122). KDM Lid also has multiple recorded functions such as inhibiting
HDAC1 as well as inducing cell growth (123). Histone demethylases were studied in
order to decipher their role in developmental stages with regards to metamorphosis
(Table 1.6).

1.4

Aedes aegypti
Aedes aegypti, commonly known as the yellow fever mosquito, is a widespread

vector that transmits a number of deadly arboviral diseases. It is a well-known vector for
Chikungunya, Dengue, Zika and Yellow fever. Historically, the insect’s prevalence in
human populations has been largely attributed to domestication, which has led to large
8

settlements that provide a nutrient-rich source of blood for the vector (46). But, due to the
nature of the vector and its feeding habits, which are largely centered around vertebrates,
there has been an increase in the amount of transmission of viruses borne in the wild. The
increased interactions between sylvatic and urban cycles of mosquito breeding have
increased the possibility of spreading unknown viruses. This has also been exacerbated
by the transport means, which have largely contributed to the spread of arboviral diseases
across the globe (47,48).
Also, the species is renowned for being active predominantly during the day,
which increases the chances of interaction with humans. The ability to breed in any
standing water source also poses a major challenge due to the difficulty in implementing
control programs (49). The arboviral transmission of Ae. aegypti leads to about 400
million infections per year, of which about 100 million cases reach clinical severity; this
also leads to a mortality of 50,000 deaths per year (1,2). Current statistics from the WHO
indicate that Ae. aegypti could potentially spread to newer habitats, primarily due to
global warming increasing their habitat range, and put about 4 billion people at risk of
disease transmission (2). Current control methods are limited to ecological control,
insecticide control, and Sterile insect technique (SIT). Due to the limited potential of
ecological control and the adverse effects of insecticides, there is a growing interest in
SIT to control mosquitoes.

1.5

Sterile insect technique (SIT)
Sterile insect technique (SIT) was first introduced in the 1930s by E.F. Knipling

as a means to control screwworm populations in the United States (30,31). Since then,
SIT has been further developed to be used in numerous species for population control.
9

The main principle of SIT rests on the statistical probability involved in mating success.
By introducing millions to billions of sterilized males into the environment, the mating
success of a given species is reduced due to the competition between mutant and wildtype
males (32,33). The degree of success of the program depends on whether the mutant
males are successfully able to mate, as this will constitute a failed mating event due to the
mutant males being sterilized (34). SIT at present has been used in numerous insect pest
species; including Mediterranean fruit fly, tsetse fly, oriental fruit fly, Mexican fruit fly,
melon fly, screwworm, pink bollworm, Australian painted apple moth, cactus moth, false
codling moth, and, codling moth (35, 36, 37, 38, 39, 40, 41). Currently, SIT is also being
tested in numerous studies for use in controlling mosquitoes (42, 43, 44). A popular
approach in generating sterilized males has been achieved by exposing the target species
with radiation. However, due to the adverse effects of radiation, which inherently leads to
mutant males being less competitive for mating events, other alternatives are being
considered to the traditional approach of radiation sterilization (3, 4, 45).
This has led to the emergence of transgenics as a possible means to produce
sterile males. Newer methods are aimed at introducing Transgenic mosquitoes for either
population suppression or population replacement. Population replacement is currently
being studied using Wolbachia to reduce the success rate of arboviral transmission
following a blood meal (9). The introduction of Wolbachia has two major implications,
population control due to cytoplasmic incompatibility and reduced risk of transmitting
arboviruses. Studies are currently ongoing to assess the effectiveness of Wolbachia in
reducing Ae. aegypti populations. Studies are also being done to assess the possibility of
Wolbachia reducing the risk of transmission of arboviruses. However, due to conflicting
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reports suggesting the possibility of an increase in the risk, there is much work to be done
before Wolbachia becomes a major means of control. There are also reports suggesting
the persistence of Ae. aegypti populations despite the introduction of Wolbachia
(50,51,52). Other population replacement methods aim at using transgenic mosquitoes
harboring siRNA’s specific to an arbovirus (10). Population suppression is also being
studied using transgenic mosquitoes harboring a lethal mutation produced by Oxitec. This
method relies on producing mosquitoes harboring a lethal gene, the effects of which are
suppressed during rearing times through chemicals. Due to the lack of the chemical
compound in the wild, mating usually results in the offspring to harbor a lethal gene that
eventually leads to premature death. However, there have been cases of genetic material
transfer to wildtype populations, which is a cause for concern (5,6).
Due to current issues in the development of transgenic mosquitoes, there is a need
to increase the understanding of developmental stages in Ae. aegypti to better identify
effective methods for population control (5,6). Aedes aegypti developmental stages
consist of an embryonic stage followed by four larval stages, a pupal stage before the
emergence of adults. Due to the lack of sucking mouthparts, male Ae. aegypti do not feed
on blood and are instead dependent on sugar sources. Female Ae. aegypti require
nutrients from a blood meal to produce eggs and have evolved piercing mouth parts that
are specialized to suck blood. This thesis is aimed at understanding epigenetic dynamics
two of the distinct stages in Ae. aegypti life cycle; changes during juvenile stages
involving larval and pupal stages as well as changes during mature stages involving
adults (7,8). Epigenetic factors will be of crucial importance to this study as they are
explored for their roles in development and reproduction (11). This will provide us with
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critical information on the workings of the biological pathways of the yellow fever
mosquito, which can then be used in designing effective control methods. Target
identification can be helpful in multiple areas of control such as, producing transgenic
mosquitoes with mutations in crucial reproductive factors leading to sterility and can also
provide targets to produce dsRNA’s that aim to induce RNAi mediated toxicity (9,10).
This will essentially help us develop a framework to understand both developmental and
reproduction- pathways in Ae. aegypti paving the way for the development of effective
control strategies
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Table 1.1 Classes of Histone deacetylases (HDAC) in Ae. aegypti
Class

Enzyme

Gene name

Locus tag

I

HDAC1

Histone deacetylase 1

AAEL004586

HDAC3

Histone deacetylase 3

AAEL011117

HDAC8

Histone deacetylase 8

AAEL004416

II A

HDAC4/7

Histone deacetylase 4/7

AAEL002528

II B

HDAC6

Histone deacetylase 6

AAEL001069

III

Sirt1

Sirtuin 1

AAEL013733

Sirt2

Sirtuin 2

AAEL005816

Sirt4

Sirtuin 4

AAEL004004

Sirt6

Sirtuin 6

AAEL011473

Sirt7

Sirtuin 7

AAEL006655

IV

HDAC11

Histone deacetylase 11

AAEL004639

-

HDAC Subunit

Histone deacetylase Subunit

AAEL000149

SAP30

SAP30

Table 1.2 Lysine acetyltransferases (KAT’s) in Ae. aegypti
Class

Enzyme

Gene name

Locus tag

Lysine

TIP60

KAT5

AAEL014072

acetyltransferases

KAT6A/6B

KAT6A

AAEL011106

(KAT)

KAT7

KAT7

AAEL010729
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KAT8

HAT1
KAT2A

KAT8
Histone acetyltransferase type B
catalytic subunit

AAEL006177

Histone acetyltransferase KAT2A

AAEL000452

Alpha-tubulin N-

ATAT1

acetyltransferase 1

AAEL008679

ESCO1/2

N-acetyltransferase ESCO2

AAEL006772

CREBBP

CREB-binding protein

AAEL017391

ELP3

Elongator complex protein 3

AAEL006400

NCOA2

Nuclear receptor coactivator 1

AAEL002382

MCM3AP

Protein x-mas-2

AAEL009871

Ada2B

Transcriptional adapter 2B

AAEL002137

Hsap\TADA3

Diskette

AAEL004675

Rpb4

TAF1

Gcn5-Related N-

AAEL007672

DNA directed RNA Polymerase
Subunit Rpb4
Transcription initiation factor

GNAT X1

acetyltransferases

AAEL006661

TFIID subunit 1

AAEL006082

Gcn5-Related N-

AAEL014713

acetyltransferase X1
GNAT X2

Gcn5-Related Nacetyltransferase X2
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AAEL013851

GNAT X3

Gcn5-Related N-

AAEL013244

acetyltransferase X3
GNAT X4

Gcn5-Related N-

AAEL012952

acetyltransferase X4
GNAT X5

Gcn5-Related N-

AAEL012864

acetyltransferase X5
GNAT X6

Gcn5-Related N-

AAEL012867

acetyltransferase X6
GNAT X7

Gcn5-Related N-

AAEL012870

acetyltransferase X7
GNAT X8

Gcn5-Related N-

AAEL002242

acetyltransferase X8
GNAT X9

Gcn5-Related N-

AAEL002255

acetyltransferase X9
GNAT X10

Gcn5-Related N-

AAEL012859

acetyltransferase X10
GNAT X11

Gcn5-Related N-

AAEL014820

acetyltransferase X11
GNAT X12

Gcn5-Related Nacetyltransferase X12
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AAEL012863

Table 1.3 N-terminal acetyltransferases (NAT’s & NAA) and N-acyltransferase in
Ae. aegypti
Class

Enzyme

N-(alpha)-

NAA10/NAT

acetyltransferases

Daf31

subunits

AAEL006743

N-alpha-acetyltransferase 20

AAEL009373

NAA30

N-alpha-acetyltransferase 30

AAEL012413

NAA40

N-alpha-acetyltransferase 40

AAEL002891

NAA50

N-acetyltransferase san

AAEL005709

NAA80/NAT6

N-acetyltransferase 6

AAEL014822

N-acetyltransferase 9-like
protein

AAEL007994

NAT10

RNA cytidine acetyltransferase

AAEL006469

NAT16

Nahoda

AAEL001570

Glucosamine 6-phosphate N-

AAEL004042

GNPNAT1

acetyltransferase

N-alpha-acetyltransferase 10

Locus tag

NAA20

NAT9

N-(alpha)-

Gene name

NAA16

NAA25

acetyltransferase
N-(alpha)-acetyltransferase 16,
NatA auxiliary subunit

AAEL006087

Phagocyte signaling-impaired
protein, NatB auxiliary subunit

16

Psidin

NAA35

NAA38

N-acyl transferase

NATSF X1

N-(alpha)-acetyltransferase 35,
NatC auxiliary subunit
N-(alpha)-acetyltransferase 38,
NatC auxiliary subunit

AAEL008228

N-acyl transferase superfamily

AAEL008651

superfamily
(NATSF)

AAEL007100

X1
NATSF X2

N-acyl transferase superfamily

AAEL006668

X2
NATSF X3

N-acyl transferase superfamily

AAEL004659

X3
NATSF X4

N-acyl transferase superfamily

AAEL004043

X4
NATSF X5

N-acyl transferase superfamily

AAEL009935

X5
NATSF X6

N-acyl transferase superfamily

AAEL009938

X6
NATSF X7

N-acyl transferase superfamily

AAEL009945

X7
NATSF X8

N-acyl transferase superfamily
X8
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AAEL012860

NATSF X9

N-acyl transferase superfamily

AAEL012863

X9

Table 1.4 Protein arginine methyltransferases (PRMT’s), Homocysteine
methyltransferase (HCMT), S-adenosyl methyltransferase (SAMT), Glutamine N5
methyltransferase (PQMT) in Ae. aegypti
Class

Enzyme

Gene name

Locus tag

Protein arginine

Art1, Art2,

PRMT1

AAEL003179

methyltransferase

Art6, Art9,

(Art1),

(PRMT)

Art3

AAEL001333
(Art1),
AAEL010829
(Art3)

Art8

PRMT2

AAEL003522

Art3, Art6,

PRMT3

AAEL010829

Art1, Art2,

(Art3),

Art8, Art9

AAEL003179
(Art1),
AAEL001333
(Art 1),
AAEL003522
(Art8)
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Art4

CARM1

AAEL006782

Csul

PRMT5

AAEL007528

Art7

PRMT7

AAEL011877,
AAEL019456

Homocysteine
Methyltransferase
S-Adenosyl
Methyltransferase
hemK
Methyltransferase

PRMT

Protein arginine methltransferase

NDUFAF7

NDUFAF7
Homocysteine s-

HCMT

SAMT

HemK1

AAEL009374

AAEL004728

methyltransferase

S-adenosyl methyltransferase

AAEL006065

Protein-(glutamine-N5)
methyltransferase

AAEL004282

Table 1.5 Lysine methyltransferases (KMT) in Ae. aegypti
Class

Enzyme

Gene name

Locus tag

Lysine

Su(var)3-9

SUV38H1, SUV39H2

AAEL010826

G9a

EHMT1, EHMT2

AAEL007303

Eggless

SETDB1, SETDB2

AAEL004290,

methyltransferase
(KMT)

AAEL004274
KMT2A, KMT2B

Trithorax

AAEL021963,
AAEL000054
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Trr (LPT)

KMT2C, KMT2D

AAEL005378,
AAEL005380

upSET

KMT2E

AAEL019594

Set1

SETD1A, SETD1B

AAEL024670,
AAEL010807

Ash1

ASH1L

AAEL009666

ASHR1

ASHR1

AAEL011836

Set2

SETD2

AAEL006013

NSD, Set2

NSD1, NSD2, NSD3

AAEL010414
(NSD)

gpp

DOT1L

AAEL019732,
AAEL006783,
AAEL006796

PR-Set7

KMT5A

AAEL000193

Hmt4-20

KMT5B, KMT5C

AAEL008027

E(z)

EZH1, EZH2

AAEL013213

Blimp1

PR Domain Zinc finger Protein 1

AAEL004255,
AAEL013770

PRDM8

PRDM8

AAEL003602

Ham

MECOM, PRDM16

AAEL017229,
AAEL006442

20

SET and MYND

SYMD4-1,

domain containing

SYMD4-2,

AAEL007346,

methyltransferases

SYMD4-3,

AAEL001050,

(SYMD)

SYMD4-4

AAEL003516,

SYMD4

AAEL007348,

AAEL003527,
AAEL003992,
AAEL011838
SYMD5

SYMD5

AAEL00436

SYMDA-1

SYMDA-1

AAEL001936

SYMDA-2

SYMDA-2

AAEL003788

SYMDA-3

SYMDA-3

AAEL001857

SYMDA-4

SYMDA-4

AAEL001920

SYMDA-5

SYMDA-5

AAEL003295

SYMDA-6

SYMDA-6

AAEL009751

SYMDA-7

SYMDA-7

AAEL009757

SYMDA-8

SYMDA-8

AAEL008032

Table 1.6 Lysine-specific Histone demethylases (KDM’s) in Ae. aegypti
Class

Enzyme

Lysine-specific

Su(var)3-3

Histone

X1

Gene name

KDM1A

21

Locus tag

AAEL011415

demethylases

Su(var)3-3

(KDM)

X2
KDM2
JHDM2

KDM1B
KDM2A, KDM2B, PHF2
KDM3A, KDM3B, JMJD1C

AAEL007523
AAEL008177
AAEL007157,
AAEL007170
AAEL008260

KDM4A,
KDM4B,
Jarid2

(KDM4A),
KDM1A, KDM4B, KDM4C,

AAEL010522

KDM4D, KDM4E, KDM4F

(KDM4B),
AAEL010971
(Jarid2)

Lid

KDM5A, KDM5B, KDM5C, KDM5D

Utx

KDM6A, KDM6B, UTY

KDM8

KDM8

AAEL011092
AAEL013634/
AAEL013644
AAEL004405

Bifunctional lysine-specific
KDM/NO66

demethylase and histidylhydroxylase NO66

22

AAEL009382

Figure 1.1.1 Effects of histone acetylation and deacetylation on chromatin state
Histone acetylases add an acetyl group and histone deacetylases remove an acetyl group
from histone proteins. Adding a negatively charged acetyl group to a histone protein
leads to a repelling effect with the similarly negatively charged DNA wound to the
histones leading to the expansion of chromatin which inherently promotes gene
expression. Removing an acetyl group from a histone protein removes the repelling
negative charges resulting in condensation of chromatin which represses gene expression.
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Figure 1.2 Effects of histone methylation and demethylation on chromatin state
Histone methylases add a methyl group and histone demethylases remove a methyl group
from histone proteins. Adding a positively charged methyl group to a histone protein
produces an attraction with the negatively charged DNA wound to the histones leading to
a condensation of chromatin which inherently represses gene expression. Removing a
methyl group from a histone protein removes the attractive positive charges resulting in
the expansion of chromatin which promotes gene expression.
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CHAPTER 2. IDENTIFICATION AND CHARACTERIZATION OF EPIGENETIC
REGULATORS
2.1

Introduction
RNA interference has become a staple of biological experiments due to its

versatility and ease of use (73). It has become increasingly reliable in understanding the
role of genes, which can be studied through knockdown. RNAi primarily works with the
aid of a long dsRNA molecule targeting a specific gene. The dsRNA molecule is cut into
smaller fragments of 21bp by the enzyme dicer. These 21bp fragments are called small
interfering RNA’s (siRNA’s) and are recruited by the RISC complex, which then binds to
the target mRNA sequence. After the hybridization of siRNA fragment and target
mRNA, Argonaute protein present in the RISC complex cleaves the target mRNA
resulting in silencing of the gene (76, 77). Due to holding the potential to replace existing
pesticides, various studies utilizing the RNAi pathway are currently ongoing to test the
effects of dsRNA in various pest species (76). However, there are challenges in
employing the procedure due to the difficulty in the delivery of the target dsRNA (78).
There are also challenges in terms of feeding behavior, which are primarily observed in
hemipterans (79). There are also other challenges in certain orders such as Lepidoptera,
which have inefficient RNAi machinery leading to difficulty in utilizing the technique
(80).
RNAi has been used in Ae. aegypti with varying degrees of success. Many studies
have used RNAi in adults to study specific genes and their function in adult maturation
(74, 75). Transgenic mosquitoes have also been developed to specifically utilize the
RNAi pathway in increasing resistance to arboviruses (81). However, most of these
studies are aimed at adult mosquitoes and the techniques used make it difficult to use
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them in the environment. In previous studies, Ae. aegypti adults were injected with
dsRNA to test the effect of a given gene. Although, the results were convincing this is not
practically feasible in the environment. Similar studies were performed in larvae and
pupae as well (25). Due to this there is a growing need for a method that can be applied in
the environment. In this thesis, a nanoparticle mediated delivery of dsRNA was used as
described in Dhandapani et al. (Manuscript in review). The use of nanoparticles makes it
possible to target larval stages of the mosquito without using techniques involving
injection or oral feeding. This provides the required tools to study genes that are crucial
for the development of juvenile stages of mosquito. Our laboratory has previously studied
CREB binding protein (CBP) using nanoparticle mediated delivery (61). This study was
able to show that CBP was crucial in activating Juvenile hormone (JH) primary response
gene Krueppel homolog 1 (Kr-h1). The study also showed that CBP was upregulating Krh1 and E75A which resulted in the suppression of metamorphosis regulators. In the
present study, our goal is to study the effect of epigenetic factors on the development of
the mosquito through the juvenile stages. By understanding the effect of certain
epigenetic factors, it is possible to explicate their roles in the developmental stages of Ae.
aegypti. This will help in understanding epigenetic factor controlled gene clusters and aid
in drawing conclusions regarding the broad roles of epigenetic factors in larval, pupal and
adult development.
High-throughput RNA sequencing has become a necessity due to the amount of
information obtained as well as the potential to analyze the data for multiple purposes.
An existing RNA-Seq archive from NCBI (137) was used as our guide to identifying and
characterizing epigenetic factors. This RNA-Seq was used to quantify the expression
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level of candidate genes in multiple stages of Ae. aegypti development. Genes of interest
were picked based on their potential role during the developmental stages of the yellowfever mosquito. Epigenetic factors are crucial to the development of an insect, potentially
regulating a plethora of genes at any given time. It is imperative to deduce the regulatory
mechanisms involved to understand the complex nature of epigenetics. It is also an
important step in combating the yellow fever mosquito as currently there is a lack of
knowledge regarding the inner workings of epigenetics regarding Ae. aegypti. The
epigenetic factors were selected from each of the groups corresponding to
acetylases/deacetylases and methylases/demethylases for inclusivity purposes. This
provides us with an extensive picture on broad-spectrum functions if the epigenetic
factors are belonging to each of the specific groups.

2.2
2.2.1

Methods
RNA-Seq data analysis
RNA-Seq data was obtained from publicly available datasets from the NCBI SRA

archives. RNA-Seq reads were obtained from Bioproject: PRJNA419241 (137); the
bioproject refered to a study that explored the presence of arboviral specific genes in the
yellow-fever mosquito. These datasets were used for all processes pertaining to nextgeneration sequencing data output. Ae. aegypti transcriptome (L5.2) from Vectorbase
(56) was used to analyze the RNA-Seq dataset obtained from NCBI. This transcriptome
was used as the reference for aligning reads from the RNA-Seq datasets. I used bowtie2
to align the reads from the RNA-Seq dataset to the reference transcriptome (57).
Following which, statistical analysis was done using RSEM to obtain transcript level
abundance statistics (58). The transcript abundance level was further used to generate
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heatmaps to identify patterns among genes of interest using Morpheus (29). Following
the identification of genes, I used them for further studies to understand the effect of
knockdown.
2.2.2

Mosquito rearing and dsRNA feeding bioassays
Liverpool strain of Ae. aegypti (LVP1B12) was reared as described in previously

published studies (54, 62). Target genes were used to design dsRNA fragments (300-500
bp), primers were designed for these fragments and incorporated with a T7 promoter
sequence on either end. Following a polymerase chain reaction (Taq 2x Mastermix,
NEB), I purified the PCR product (QIAquick PCR purification Kit, Qiagen) for use with
dsRNA synthesis. dsRNA was synthesized and purified according to the manufacturer’s
protocol (MEGAscript T7, Invitrogen). The concentration and quality of dsRNA was
measured using a Nanodrop 2000 spectrophotometer (Thermo fisher scientific).
Nanoparticle-mediated dsRNA delivery was used to knockdown target genes. DsRNA
was conjugated with poly-L-lysine (PLL) and Epigallocatechin gallate (EGCG) to form
dsRNA nanoparticle complexes as described in Dhandapani et.al. (Manuscript in review).
Bovine liver powder (MP biochemicals) was added to the dsRNA-nanoparticle complex
along with 1% agarose to the dsRNA nanoparticle complexes to form food pellets. These
food pellets were fed to 2nd instar larvae in 6-well plates containing 5ml of nuclease-free
water; each well had five 2nd instar larvae in it. Each food pellet consisted of 60ug of
dsRNA that was conjugated with nanoparticles. The food pellet was divided into 3 pieces
that were distributed to three wells; food pellets were constantly added to the well plate
until death. I recorded phenotypes and took images using a Nikon SMZ745T
stereomicroscope fitted with a Nikon digital sight series camera. Phenotypes were
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recorded only after an individual was deceased, due to the importance of target epigenetic
factors during developmental stages we expected pehnotypes depicting a failed
metamorphosis in any given stage. Mortality was recorded in each of the treatments until
the emergence of adults or death in a given treatment. To verify knockdown of target
genes, larvae were collected from the well plates after feeding them with three pellets and
were subsequently used for isolating RNA to perform a RT-PCR quantification assay.
2.2.3

RNA isolation, cDNA preparation and quantitative reverse transcription
PCR (RT-PCR)
For qPCR verification of RNA-Seq data, individuals were collected periodically

for the appropriate developmental stage as previously mentioned (61,62). For qPCR
verification of gene knockdown, the adults were collected from mosquito cages and fed
on dsRNA and subsequently used for RNA isolation, cDNA preparation and RT-PCR.
Total RNA was extracted from Ae. aegypti larvae using TRI reagent according to the
manufacturer’s protocol (Molecular research center INC. USA). RNA was checked for
quality and concentration using Nanodrop 2000 spectrophotometer (Thermo fisher
scientific). Following quantification, 2ug of RNA was used for first-strand cDNA
synthesis using a M-MLV reverse transcriptase kit following the manufacturer’s protocol
(Invitrogen). The resulting cDNA was used for RT-PCR assays using RPS7 (40S
ribosomal protein S7) as an internal reference gene to normalize target gene expression.
RT-PCR assays were performed using StepOne Real-Time PCR system (Thermo fisher
scientific) along with SYBR dye. All experiments in this study had at least 3 replicates
each and have been repeated 3 times. Expression was measured using the relative cycle
threshold difference between control and treatment samples (55).
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2.3
2.3.1

Results
Identification and analysis of expression levels of epigenetic regulators in Ae.
aegypti
The first objective was to identify epigenetic factors that were predominantly

important in modifying histones, thereby affecting gene expression. For this, multiple
groups of epigenetic factors specific to the histone deacetylase (table 1.1), lysine
acetyltransferases (table 1.2), N-terminal acetyltransferases (table 1.3), lysine
methyltransferases (table 1.4), protein arginine methyltransferases, HCMT, SAMT,
PQMT (table 1.5) and lysine-specific histone demethylases (table 1.6) were identified.
All of the genes in the specific groups of epigenetic factors were identified using past
data available on D. melanogaster and Tribolium castaneum. Isoforms pertaining to each
of the groups of the epigenetic factors were identified. Following identification, the
isoforms were analyzed to find the longest isoform which was then used for subsequent
expression level analysis. This expression level was then plotted on a heatmap to help us
identify specific patterns of interest. The genes that are specifically expressed in the
larval or pupal stages were identified. However, some of the genes identified were highly
expressed in the adult stage. But these genes were not selected because, despite an
increase during the adult stages, some of these genes were also expressed highly in the
early larval stages.
From the histone deacetylase group in Figure 2.1, Sirtuin 4 and HDAC subunit
SAP30 that were expressed at high levels throughout the entire lifecycle of Ae. aegypti
were selected for further studies. However, this was not evident in the heatmap displayed
because the expression levels of Sirt4 during the late pupal stage and HDAC subunit
SAP30 female ovaries for were abnormally high (Figure 2.1). Regardless, the expression
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levels during larval stages was quite evident. Among KATsp Tip60 was selected because
of previous reports of the gene being involved in metamorphosis in lepidopteran and
dipteran species (126, 139). Although Tip60 was expressed primarily in the male testes,
elevated expression levels throughout the juvenile stages albeit lower compared to male
testes were observed (Figure 2.2). Similarly, ESCO1 showed high expression levels
during the late larval and early-mid pupal stages indicating a potential role in larval-pupal
metamorphosis. ESCO1 also showed peak expression level in the male sexual organs,
regardless, the gene was tested for its consistent expression pattern during the immature
stages. Similar to Tip60, HAT1 was also implicated in metamorphosis in D.
melanogaster (126, 139). From the heatmap in Figure 2.2, elevated expression levels
during the juvenile stages were not detected. However, this expression level is masked
due to a peak in the expression in female ovaries. GNAT X8 was also selected to be
tested by qPCR and knockdown studies. GNAT X8 was picked due to its high expression
in mid to late larval stages as well as in early to mid-pupal stages, potentially indicating a
role in larval-pupal and adult metamorphosis. TIP60, ESCO1 and HAT1 showed a high
expression level throughout the larval stages, but due to a spike in expression level in the
adult stages, this expression level was masked in the heatmaps. Among N-terminal
acetyltransferases (Figure 2.3), NATSF X2 was chosen due to an increase in the
expression level from L3 to late pupal stages to understand the role of NATSF X2 in
molting events from the late larval to late pupal stages.
From the methyltransferase groups in Figure 2.4, HCMT was selected due to an
elevated expression levels throughout the pupal stages, implying a role in metamorphosis
from pupal to adult stages. The expression level was elevated in the early pupal stages
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and decreased into the late pupal stages; this could also imply that the gene could have
been activated prior to pupation in late larval stages. From the Lysine specific
methyltransferase group (Figure 2.5), SET1, SET2, SYMDA-2, KMT2D and PR-Set7
were selected as the target genes. SET1 showed a steady expression during the late larval
stages and early-mid pupal stages. Although the gene expression peaked in male sexual
organs, the expression displayed during the immature stages was notable as well. SET2
was also selected as a steady increase of expression starting from the early larval stages
until peaking in the late pupal stages was detected. PR-Set7 was also selected for a steady
expression level throughout the immature stages. Although most of this expression is
masked by its peak in male testes, SYMD-A2 was also similar to PR-Set7 albeit it
showed a peak in expression in male carcass. However, SYMD-A2 was also significantly
expressed during the late pupal stages indicating a role in adult metamorphosis. In
addition, KMT2D that showed a high expression levels throughout the larval and pupal
stages as well as in the adult male stages was selected. From the lysine-specific histone
demethylase group (Figure 2.6), JDM2 and KDM4A were choosen. Although JHDM2
was expressed highly in the male testes, and elevated expression in the larval and pupal
stages implying a subtle role in metamorphosis during juvenile stages. KDM4A showed
two different peaks during mid pupal stages as well as in the male testes. All the selected
genes were tested by qPCR to confirm expression levels and used in knockdown assays
involving nanoparticle conjugated dsRNA.
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2.3.2

qPCR verification of genes of interest during developmental stages of Ae.
aegypti
After analyzing the expression level of epigenetic factors in Ae. aegypti, genes of

interest were selected for further research, as described in the previous section. The genes
were selected from each of the groups of the epigenetic factors that were characterized.
qPCR data from Sirtuin 4 in the histone deacetylase group was observed to correlate with
RNA-Seq data (Figure 2.7). However, HDAC subunit SAP30 from the same group did
not match the predictions from the RNA-Seq data (Figure 2.8), this can be primarily
attributed to the presence of a large number of isoforms for the specific gene. Although
the longest isoform for the gene was choosen, this could be interfering with the qPCR
data due to the nature of isoforms being expressed in specific tissues and specific times.
From our acetyltransferase genes of interest, qPCR data from a majority of the
genes in GNAT X8, NATSF X2, Tip60, ESCO1 agreed with the corresponding RNA-Seq
data (Figures 2.10, 2.14, 2.17, 2.18). Although not a perfect correlation in GNAT X8 and
NATSF X2, a similar pattern was observed when compared to the expression in RNASeq data. Due to the high expression level of the genes throughout all developmental
stages there was a decrease in the detection rates, this can also be attributed to the
empirical increase in variance across experiments. In addition, HAT1 showed the
opposite result of what was expected from RNA-Seq primarily due to lack of accurate
information isoform abundance which can be used to design isoform specific primers for
precise detection (Figure 2.9).
From methyltransferase group, HCMT showed the opposite result of what was
predicted from RNA-Seq. From the expression level plotted in part A of Figure 2.13, an
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extremely high TPM was observed which is difficult to quantify in qPCR due to variance
in terms of cDNA synthesis. However, from the other genes tested in the
methyltransferase group, PR-Set7, SYMD-A2, Set1 and Set2 were observed to show a
vastly superior correlation. From our demethylase group, similarities were observed in
RNA-Seq and qPCR expression data for the gene KDM4A. However, JHDM2 did not
match our RNA-Seq predictions. This could be due to the lack of differentiation between
KDM3A, KDM3B and JMJD1C, which is resulting in inaccurate cycle threshold values
for our qPCR data.
Out of the 15 genes tested, similarities in expression levels in RNA seq data and
qRT-PCR were seen for 11 of the genes while four of the genes showed unexpected
expression levels. One of the reasons for this discrepancy is due to the presence of
isoforms for the genes tested. The primers used could potentially be targeting an isoform
differentiation region, failing to detect a given isoform. It is possible to use primers in
other regions, but this introduces a new issue with failure in detecting potential RNA
fragments from the 3’ end of a given sequence.
2.3.3

RNAi induced knockdown of target genes and phenotypes
Following qPCR verification, dsRNA’s targeting each of the selected genes were

synthesized and conjugated them with nanoparticles to test their knockdown effect on Ae.
aegypti larvae. After treating the larvae with nanoparticle conjugated dsRNA, the
phenotypes were recorded and RT-qPCR was used to verify that the target genes were
knocked down (Figure 2.37). Due to the nature of the genes tested, most of the phenotype
observed implied a variation in the metamorphosis which resulted in the premature death
of larvae and pupae (Figure 2.38).
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Out of the genes treated, knockdown of acetyltransferases HAT1, ESCO1, Tip60,
NATSF X2, and GNAT X8 along with demethylases KDM4A and JHDM2 showed
phenotypes that resulted in stunted growth during the late larval and early to mid-pupal
stages; there were a few individuals that showed a failed metamorphosis event in the very
late pupal stage, however, these were not in the majority. Larval deaths primarily
occurred in three types resulting in a short and dark L4 larvae or an elongated L4 larvae
or a malformed pupa. The short and dark L4 larvae seemed to have failed during
metamorphosis from L4 to Pupae (2.24 (A), 2.26 (A), 2.27 (A), 2.28 (A), 2.29 (A), 2.30
(A), 2.33 (A)). The elongated L4 seemed to have not received any biological indication to
pupate resulting in abnormal growth (Figure 2.28 (B)). The malformed pupae is a result
of failure to become a pupa in the final stages after an L4 larvae attempts pupation
(Figures 2.27 (C), 2.29 (B), 2.33 (B, C)). Pupal phenotype was stage specific with
different phenotypes for early-mid pupae and late-very late pupae. Early-mid pupae were
predominantly white or light brown in color, the pupae seemed to have failed at
advancing to the late pupal stage where the adult forms in the pupal husk before
emerging. A small of number of individuals that reached the late and very late pupal
stages (Figures 2.24 (B, C), 2.26 (B), 2.27 (B), 2.28 (C), 2.29 (C), 2.30 (B, C), 2.33 (D)).
In this case, the adult was distinctly visible in the pupal husk however, the individuals
died prematurely before emerging out of their pupal husks (Figures 2.24 (D), 2.26 (C, D),
2.27 (D), 2.28 (D), 2.29 (D), 2.30 (D), 2.33 (D)). Most of the individuals showed a
phenotype in the late larval and early pupal stages for acetylase and demethylase groups.
The genes from deacetylases HDAC subunit SAP30, Sirt4 and methyltransferases
HCMT, KMT2D, SYMD-A2, SET1, SET2 and PR-Set7 showed a phenotype that
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resulted in stunted growth during early to late pupal stages. However, there was stunted
growth in the late larval stages. Many of the individuals died prematurely in the very late
pupal where the adult has already started to emerge (Figures 2.31 (D), 2.34 (C, D), 2.35
(D)). Other individuals, also showed a similarly late pupal phenotype with the adult
formed inside the pupal husk, the individual can also be seen to have started emergence
from the pupal husk before its premature death (Figures 2.22 (D), 2.23 (D) 2.25 (D), 2.31
(C), 2.32 (D), 2.36(D)). Other common phenotypes included premature deaths in the mid
pupal stages in Figures 2.22 (B), 2.23 (B, C), 2.25 (C), 2.31 (B), 2.32 (C), 2.34 (B), 2.35
(B, C), and 2.36 (C). Although only a small number, short and dark L4 larval phenotype
shown in Figures 2.22 (A), 2.23 (A), 2.36 (A), 2.32 (A), and 2.31 (A) are seen. Similarly,
the elongated L4 larval phenotype was observed in Figures 2.25 (A), 2.34 (A), 2.35 (A).
Most of the individuals showed abnormalphenotypes throughout the pupal stages in both
deacetylase and methylase knockdown insects.

2.4

Discussion
To test hypothesis that epigenetic factors are involved in numerous processes

during the development of the yellow fever mosquito, RNAi was employed. The
epigenetic factors selected showed an increase in expression during a given stage,
indicating a potentially crucial function for the respective epigenetic factor at that stage.
After treating larvae with the respective nanoparticle-conjugated dsRNA, abnormal
phenotypes showing a block in metamorphosis either in the larval or the pupal stages,
were detected specifically observed that Histone deacetylases and Histone
methyltransferases showed a stunted growth in early and late pupal stages resulting in
premature death (Figures 2.22, 2.23, 2.25, 2.31, 2.32, 2.34, 2.35, 2.36). Many individuals
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were impeded in the very late pupal stage before emergence. In addition, there were also
individuals that died prematurely in the larval stage showing a dark body phenotype. This
could be attributed to the failure of shedding larval skin during molting from L4 to pupal
stage. Some of the larval death included individuals that were longer than regular L4
individual’s indicating a prolonged growth period without molting into pupal stage.
Based on existing information regarding deacetylases and methylases working in
conjunction to silence a given heterochromatin region (23), deacetylases and methylases
are crucial during later stages of larval and pupal development. Deacetylases and
methylases could potentially be silencing genes that signal an individual to continue in a
given development stage. Disruption of this signal resulted in the larvae getting stuck in
a developmental stage.
In our Histone acetyltransferase and Histone demethylase treatments, the insects
showed a phenotype with stunted growth in late larval and early to mid-pupal stages. This
indicated that our target genes in these groups could potentially be regulating molting
during the late larval and early pupal stages (Figures 2.24, 2.26, 2.27, 2.28, 2.29, 2.30,
2.33). In addition to these phenotypes, some individuals that were stunted during the very
late pupal stages prior to emergence. However, these individuals were very few compared
to individuals impeded in the late larval and early-mid pupal stages. Many malformed
pupae in our acetyltransferase target genes implied a role in larval pupal metamorphosis.
Other common phenotypes included short and dark larvae which have failed to molt from
L4 to pupal stage. Previous research indicates that Acetyltransferases are recruited to
regions demethylated by histone demethylases (23). Our target genes in this study could
potentially be important in expressing a crucial signal that intimates the individual to
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molt from larvae to pupa. Disrupting this signal may interfere with the biological system
leading to the stunted growth in the individual.
Our target genes were selected to study their role in the larval and pupal stages.
However, this might not be in accordance with the rational choice of studying genes
based on their ideal expression time. Even though we are treating individuals with target
dsRNA during juvenile stages, we are not specifically targeting a given stage. We could
potentially study the role of a given epigenetic factor only in L4 larval stage. This is
important due to the lack of knowledge regarding epigenetic factors in Ae. aegypti. Most
of the epigenetic factors targeted during this research study have very little literature
surrounding them. By understanding the role of each of these genes throughout the
lifecycle of a mosquito to concretely put forward a biological mechanism involving the
respective gene. However, at this time, I was only able to understand the potential role of
the target epigenetic factors during larval and pupal metamorphosis. I am hoping that
future research will be aimed at understanding the role of these epigenetic factors during
the early and mature adult stages.
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Figure 2.1 RNA-Seq expression profile of Histone deacetylases (HDAC) in Ae. aegypti.
Histone deacetylases were identified by using existing data from T. castaneum and D.
melanogaster. Post identification of genes, expression level of each gene was extracted
from the total RNA-Seq profile of Ae. aegypti. Isoforms were excluded from the
expression profile by using a consensus gene for each gene cluster. Following extraction
of transcripts per million (TPM) statistic, expression was plotted on a heatmap for
visualization (TPM was used due to the nature of the statistic centered around relative
expression value providing a means to compare expression across different sample
types). Gene names from the HDAC family are presented to the right of the image and
biological sample type corresponding to a specific stage in Ae.aegypti development is
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presented on the top. Sirtuin 4 and HDAC Subunit SAP30 were selected to be validated
with qPCR and to be tested in dsRNA bioassays.
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Figure 2.2 RNA-Seq expression profile of Lysine acetyltransferases (KAT’s) in Ae.
aegypti.
Expression level was quantified and heatmaps were generated as described in Figure 2.1.
Tip60, HAT1, ESCO1/2 and GNAT X8 were selected to be validated with qPCR and to
be tested in dsRNA bioassays.
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Figure 2.3 RNA-Seq expression profile of N-terminal acetyltransferases (NAT’s &
NAA) and N-acyltransferases superfamily (NATSF) in Ae. aegypti
Expression level was quantified and heatmaps were generated as described in Figure 2.1.
NATSF X2 was selected to be validated with qPCR and to be tested in dsRNA bioassays.

Figure 2.4 RNA-Seq expression profile of Protein arginine methyltransferases
(PRMT’s), Homocysteine methyltransferase (HCMT), S-adenosyl methyltransferase
(SAMT), Glutamine N5 methyltransferase (PQMT) in Ae. aegypti.
Expression level was quantified and heatmaps were generated as described in Figure 2.1.
HCMT was selected to be validated with qPCR and to be tested in dsRNA bioassays.
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Figure 2.5 RNA-Seq expression profile of Lysine methyltransferases (KMT) in Ae.
aegypti.
Expression level was quantified and heatmaps were generated as described in Figure 2.1.
SET1, SET2, PR-Set7, SYMD-A2 and KMT2D were selected to be validated with qPCR
and to be tested in dsRNA bioassays.
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Figure 2.6 RNA-Seq expression profile of Lysine-specific Histone demethylases
(KDM’s) in Ae. aegypti.
Expression level was quantified and heatmaps were generated as described in Figure 2.1.
JHDM2 and KDM4A were selected to be validated with qPCR and to be tested in dsRNA
bioassays.
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Figure 2.7 Expression profile of Sirtuin 4 in RNA-Seq and qPCR data.
A) Following extraction of transcripts per million (TPM) statistic from RNA-Seq data,
the expression was plotted into a bar graph to identify stage-specific expression. B) To
verify RNA-Seq data, RNA was extracted from samples at the corresponding stages to
quantify Sirtuin 4 expression level in the respective stages. cDNA converted from RNA
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and gene-specific primers were used in RT-qPCR to determine mRNA levels of Sirtuin 4
using Ribosomal protein S7 (RPS7) as a reference gene. Mean+S.E (n=3) are shown.
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Figure 2.8 Expression profile of Histone deacetylase subunit SAP30 in RNA-Seq and
qPCR data (Figure generated as described in Figure 2.7 legend).
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Figure 2.9 Expression profile of HAT1 (Histone acetyltransferase type B subunit) in
RNA-Seq and qPCR data (Figure generated as described in Figure 2.7 legend).
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Figure 2.10 Expression profile of Gcn5-related N-acetyltransferase X8 in RNA-Seq
and qPCR data (Figure generated as described in Figure 2.7 legend).
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Figure 2.11 Expression profile of Lysine-specific demethylase JHDM2 in RNA-Seq
and qPCR data (Figure generated as described in Figure 2.7 legend).
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Figure 2.12 Expression profile of Lysine-specific Histone demethylase 4A in RNASeq and qPCR data (Figure generated as described in Figure 2.7 legend).
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Figure 2.13 Expression profile of Homocysteine s-methyltransferase in RNA-Seq
and qPCR data (Figure generated as described in Figure 2.7 legend).
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Figure 2.14 Expression profile of N-acyltransferase super family X2 in RNA-Seq
and qPCR data (Figure generated as described in Figure 2.7 legend).
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Figure 2.15 Expression profile of PR-Set7 in RNA-Seq and qPCR data (Figure
generated as described in Figure 2.7 legend).
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Figure 2.16 Expression profile of KMT2C/D in RNA-Seq and qPCR data (Figure
generated as described in Figure 2.7 legend).
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Figure 2.17 Expression profile of Tip60 in RNA-Seq and qPCR data (Figure
generated as described in Figure 2.7 legend).
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Figure 2.18 Expression profile of ESCO1/2 in RNA-Seq and qPCR data (Figure
generated as described in Figure 2.7 legend).
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Figure 2.19 Expression profile of SYMD-A2 in RNA-Seq and qPCR data (Figure
generated as described in Figure 2.7 legend).
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Figure 2.20 Expression profile of Set1 in RNA-Seq and qPCR data (Figure
generated as described in Figure 2.7 legend).
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Figure 2.21 Expression profile of Set2 in RNA-Seq and qPCR data (Figure
generated as described in Figure 2.7 legend).
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Figure 2.22 Phenotypic images of Ae. aegypti treated with HDAC subunit SAP30
nanoparticle conjugated dsRNA.
Ae. aegypti larvae were kept in a 6-well plate with each well consisting of 5 larvae. The
larvae were then fed a pellet composed of 1% agarose and nanoparticle conjugated
dsRNA targeting HDAC subunit SAP30. A single food pellet was divided into three
pieces and fed to larvae in three wells. The pellet was supplemented over a five-day
period with a total of 4 pellets for the entire assay. Phenotypic images were recorded
daily. A) Stunted growth resulting in a failed molt from L4 to pupae. B) Stunted growth
stopping an adult from forming inside the pupal husk, image depicting early to mid-pupal
stage. C) & D) Adult failing to emerge post-formation inside the pupal husk, images
show late and very late pupal stages, respectively.
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Figure 2.23 Phenotypic images of Ae. aegypti treated with Sirtuin 4 nanoparticle
conjugated dsRNA (Bioassay conducted as described in Figure legend 2.2).
A) Stunted growth resulting in a failed molt from L4 to pupae. B) & C) Stunted growth
stopping an adult from forming inside the pupal husk, image depicting early to mid-pupal
stage. D) Adult failing to emerge post formation inside the pupal husk, image shows a
very late pupal stage.
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Figure 2.24 Phenotypic images of Ae. aegypti treated with HAT1 nanoparticle
conjugated dsRNA (Bioassay conducted as described in Figure legend 2.2).
A) Stunted growth resulting in a failed molt from L4 to pupae. B) & C) Stunted growth
stopping an adult from forming inside the pupal husk, image depicting early to mid-pupal
stage. D) Adult failing to emerge post formation inside the pupal husk, image shows a
very late pupal stage.
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Figure 2.25 Phenotypic images of Ae. aegypti treated with HCMT nanoparticle
conjugated dsRNA (Bioassay conducted as described in Figure legend 2.2).
A) Delay in molting resulting in a longer L4 larvae that dies prematurely. B) Failed
pupation event post L4 leading to a malformed pupa. C) Stunted growth stopping an adult
from forming inside the pupal husk, image depicting early to mid-pupal stage. D) Adult
failing to emerge post formation inside the pupal husk, image shows a very late pupal
stage.
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Figure 2.26 Phenotypic images of Ae. aegypti treated with KDM4A nanoparticle
conjugated dsRNA (Bioassay conducted as described in Figure legend 2.2).
A) Stunted growth resulting in a failed molt from L4 to pupae. B) Stunted growth
stopping an adult from forming inside the pupal husk, image depicting early to mid-pupal
stage. C) & D) Adult failing to emerge post formation inside the pupal husk, images
show a late pupa and a very late pupa (adult has failed to successfully emerge from pupal
husk) respectively.
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Figure 2.27 Phenotypic images of Ae. aegypti treated with JHDM2 nanoparticle
conjugated dsRNA (Bioassay conducted as described in Figure legend 2.2).
A) Stunted growth resulting in a failed molt from L4 to pupae. B) & C) Stunted growth
stopping an adult from forming inside the pupal husk, images depicting early to midpupal stages. D) Adult failing to emerge post formation inside the pupal husk, image
shows a very late pupa (adult has failed to successfully emerge from pupal husk).
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Figure 2.28 Phenotypic images of Ae. aegypti treated with NATSF X2 nanoparticle
conjugated dsRNA (Bioassay conducted as described in Figure legend 2.2).
A) Stunted growth resulting in a failed molt from L4 to pupae. B) Delay in molting
resulting in a longer L4 larvae that dies prematurely. C) Stunted growth stopping an adult
from forming inside the pupal husk, image depicting early to mid-pupal stage. D) Adult
failing to emerge post formation inside the pupal husk, image shows a very late pupa
(adult has failed to successfully emerge from pupal husk).
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Figure 2.29 Phenotypic images of Ae. aegypti treated with GNAT X8 nanoparticle
conjugated dsRNA (Bioassay conducted as described in Figure legend 2.2).
A) Stunted growth resulting in a failed molt from L4 to pupae. B) Failed pupation event
post L4 leading to a malformed pupa. C) Stunted growth stopping an adult from forming
inside the pupal husk, image depicting early to mid-pupal stage. D) Adult failing to
emerge post formation inside the pupal husk, image shows a very late pupal stage.
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Figure 2.30 Phenotypic images of Ae. aegypti treated with ESCO1 nanoparticle
conjugated dsRNA (Bioassay conducted as described in Figure legend 2.2).
A) Stunted growth resulting in a failed molt from L4 to pupae. B) & C) Stunted growth
stopping an adult from forming inside the pupal husk, images depicting early to midpupal stages. D) Adult failing to emerge post formation inside the pupal husk, image
shows a late pupa (Adult about to attempt to emerge from pupal husk).
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Figure 2.31 Phenotypic images of Ae. aegypti treated with KMT2C/D nanoparticle
conjugated dsRNA (Bioassay conducted as described in Figure legend 2.2).
A) Stunted growth resulting in a failed molt from L4 to pupae. B) Stunted growth
stopping an adult from forming inside the pupal husk, image depicting early to mid-pupal
stage. C) & D) Adult failing to emerge post formation inside the pupal husk, images
show a late pupa and a very late pupa (Adult has failed to successfully emerge from pupal
husk) respectively.
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Figure 2.32 Phenotypic images of Ae. aegypti treated with PR-Set7 nanoparticle
conjugated dsRNA (Bioassay conducted as described in Figure legend 2.2).
A) Delay in molting resulting in a longer L4 larvae that dies prematurely. B) Failed
pupation event post L4 leading to a malformed pupa. C) Stunted growth stopping an adult
from forming inside the pupal husk, image depicting early to mid-pupal stage. D) Adult
failing to emerge post formation inside the pupal husk, image shows a very late pupal
stage.
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Figure 2.33 Phenotypic images of Ae. aegypti treated with Tip60 nanoparticle
conjugated dsRNA (Bioassay conducted as described in Figure legend 2.2).
A) Delay in molting resulting in a longer L4 larvae that dies prematurely. B) & C) Failed
pupation event post L4 leading to a malformed pupa in both cases. D) Adult failing to
emerge post formation inside the pupal husk, image shows a late pupal stage (Adult about
to attempt to emerge from pupal husk.
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Figure 2.34 Phenotypic images of Ae. aegypti treated with SYMD-A2 nanoparticle
conjugated dsRNA (Bioassay conducted as described in Figure legend 2.2).
A) Delay in molting resulting in a longer L4 larvae that dies prematurely. B) Stunted
growth stopping an adult from forming inside the pupal husk, image depicting early to
mid-pupal stage. C) & D) Adult failing to emerge post formation inside the pupal husk,
images show very late pupa (Adult has failed to successfully emerge from pupal husk).
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Figure 2.35 Phenotypic images of Ae. aegypti treated with SET1 nanoparticle
conjugated dsRNA (Bioassay conducted as described in Figure legend 2.2).
A) Delay in molting resulting in a longer L4 larvae that dies prematurely. B) & C)
Stunted growth stopping an adult from forming inside the pupal husk, image depicting
early to mid-pupal stage. D) Adult failing to emerge post formation inside the pupal husk,
image shows a very late pupa (Adult has failed to successfully emerge from pupal husk).
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Figure 2.36 Phenotypic images of Ae. aegypti treated with SET2 nanoparticle
conjugated dsRNA (Bioassay conducted as described in Figure legend 2.2).
A) Delay in molting resulting in a longer L4 larvae that dies prematurely. B) Failed
pupation event post L4 leading to a malformed pupa. C) Stunted growth stopping an adult
from forming inside the pupal husk, image depicting early to mid-pupal stage. D) Adult
failing to emerge post formation inside the pupal husk, image shows a very late pupal
stage.
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Figure 2.37 Knockdown data of target genes from nanoparticle conjugated dsRNA
feeding assay.
Ae. aegypti larvae were treated with nanoparticle conjugated dsRNA. RNA was then
extracted from the larvae for RT-qPCR assay. dsGFP was used in making control
nanoparticle food pellet. Knockdown data was calculated by using a relative expression
level measured against dsGFP control samples. A) Relative expression level of
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deacetylases and methyltransferases. B) Relative expression level of acetyltransferases
and demethylases. C) Knockdown data of Set1.

Figure 2.38 Mortality data of Ae. aegypti larvae treated with respective target genes.
After feeding 4 pellets to Ae. aegypti larvae over a 5-day period, phenotypes were
recorded on a daily basis. Data presented represents total individuals that died in a given
treatment (n=15). GFP treated larvae did not show any phenotype, however, two
individuals died during L4 and late pupal stage respectively. This was not included as we
did observe this mortality over multiple repeats of the experiment. It was also observed
that HCMT, SYMD-A2, NATSF X2 and GNAT X8 showed complete mortality of
individuals after the treatment. In addition, Histone deacetylases and histone
methlytansferases showed a higher mortality during the pupal stages. Contrarily, histone
acetyltransferases and histone demethylases showed a higher mortality during the larval
stages.
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Figure 2.39 Percent mortality of Ae. aegypti larvae treated with target genes.
Following identification of stage specific mortality in Figure 2.38, total percent mortality
was calculated to understand the efficacy of the assay in terms of a control measure.
Complete mortality was observed in larvae treated with HCMT, SYMD-A2, NATSF X2
and GNAT X8 nanoparticle conjugated dsRNA. Although a 13.3 % mortality was
observed in GFP it could be attributed to natural causes due to the nature of the deaths
and also the number of deaths which was significantly lower compared to the treatments.
On average, histone acetyltransferases and histone methylases had higher mortality rates
albeit a minute amount compared to the histone deacetylases and histone
methyltransferase treatments.
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CHAPTER 3. IDENTIFICATION AND CHARACTERIZATION OF GENES FOR STERILIZING
MALES

3.1

Introduction
With the advent of CRISPR-Cas genome editing in 2013, a new age in genome

engineering has taken a paramount role in research throughout the world (82). Since its
inception, CRISPR-Cas genome editing has been widely used in a plethora of species to
pry into gene functions that have previously been elusive. With the ease of inducing
precise edits through dsDNA breaks, CRISPR-Cas has become an indispensable of part
of genetic manipulation (83). CRISPR-Cas genome editing is also being touted for gene
therapy and rectifying malignant mutations in the human genome (84). This essentially
provides us a platform to cure genetically inherited diseases and also provides us with the
possibility to incorporate desirable traits (84). CRISPR-Cas is a simple yet efficient
system that utilizes a targeting guide RNA (gRNA) and a cas9 RNA-guided DNA
endonuclease enzyme. gRNA consists of a spacer and a scaffold; the spacer sequence
consists a targeting sequence of ~20bp length followed by a protospacer adjacent motif
(PAM) of 2-6 bp which aids in recognition; the scaffold sequence is primarily used for
binding the cas9 protein. After the cas9 complex is able to successfully identify the target
sequence, the nuclease activity then directs a cut 3 bp upstream of the PAM recognition
site on both strands of the DNA resulting in a double-stranded break (85).
Genome editing can be used in creating mutations at a target site as well as
inducing double-stranded breaks to knock in a target sequence (84). CRISPR-Cas
genome editing has also been incorporated into Ae. aegypti with a high degree of success.
Heritable germline expression of cas9 has also been successfully implemented, providing
a versatile tool to study the effect of knockout or knock-in at various stages of the
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mosquito as well as provide us with the ability to produce transgenic mosquitoes with
ease (86, 87, 88). Germline expression of cas9 has also been successfully implemented in
our laboratory to produce a cas9 strain that can be used for studying the effect of target
genes (24). We use this strain here to assess the effects of gene knockdown, and focus our
experiments on reproduction. Current SIT techniques use either radiation therapy or a
toxic gene to sterilize individuals; however, both of these techniques have negative side
effects on SIT individuals making them less competitive in the wild (59). To counter this,
we hypothesize that using a gene crucial to spermatogenesis in males could provide a
good alternative. By targeting a gene involved in spermatogenesis, no drastic changes are
introduced into the biological system of a given individual. In addition, this thesis is
targeting genes exclusively expressed only in the testes, this is important as we can
ascertain the role of the gene to be crucial for spermatogenesis and not other metabolic or
biological processes. The goal of the study was to identify potential target genes for use
with the SIT program using a male-specific gene resulting in a failed fertilization, which
could potentially result in population suppression.
The aforementioned cas9 strain of Ae. aegypti was used for generation knockouts.
Due to the presence of a cas9 expression cassette, the corresponding gRNA was the only
missing element to induce a double stranded break at the target region for our target gene.
Testes specific genes were identified using Concomitant evaluation of Distinctness and
similarity (CDS). The identified genes were then studied for using past research studies to
understand their roles and make sense of the data obtained. A small number of genes
were selected to generate mutants and study the phenotypic effect following knockout of
the target genes. These select genes were used to produce gRNA’s which were injected
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into cas9 strain of Ae. aegpyti to knockout target genes. Following CRISPR-Cas genome
editing, knockouts of target genes were generated and the corresponding phenotype was
assayed to explicate the role of the specific target gene.

3.2
3.2.1

Methods
RNA-Seq data analysis
RNA-Seq data was obtained from publicly available datasets from the NCBI SRA

archives. RNA-Seq reads from Bioproject: PRJNA419241 (137) were used to generate
transcript level data. These datasets were used for all processes pertaining to nextgeneration sequencing data output. Aedes aegypti transcriptome (L5.2) from Vectorbase
(56) was used to analyze the dataset obtained from NCBI. This transcriptome was used as
the reference sequence directory for aligning reads from the RNA-Seq datasets. Bowtie2
was used to align the reads from the RNA-Seq dataset to the reference transcriptome
(57). Following which statistical analysis was done using RSEM to obtain transcript level
abundance statistics (58). The transcript abundance level was further used to identify
genes specifically expressed in the male testes through Gaussian statistical analysis (60).
Following the identification of target genes, 3 genes of interest were selected to be tested
via CRISPR-Cas knockdown.
3.2.2

RNA isolation, cDNA preparation and quantitative reverse transcription
PCR (RT-PCR)
For qPCR verification of RNA-Seq data, individuals were collected periodically

for the appropriate developmental stage as previously mentioned in Chapter 2 (61,62).
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For qPCR verification of gene expression level, adults were collected from mosquito
cages 3 days after emergence for subsequent RNA isolation, cDNA preparation and RTPCR. Total RNA was extracted form Ae. aegypti adults using TRI reagent according to
the manufacturer’s protocol (Molecular research center INC. USA). RNA was checked
for quality and concentration using Nanodrop 2000 spectrophotometer (Thermo fisher
scientific). Following quantification, 2ug of RNA was used for first strand cDNA
synthesis using a M-MLV reverse transcriptase kit following manufacturer’s protocol
(Invitrogen). The resulting cDNA was used for RT-PCR assays using RPS7 (40S
ribosomal protein S7) as an internal reference gene to normalize target gene expression.
RT-PCR assays were performed using StepOne Real-Time PCR system (Thermo fisher
scientific) along with SYBR dye. Expression was measured using the relative cycle
threshold difference between control and treatment samples (55).
3.2.3

gRNA design, synthesis and microinjection
sgRNA’s were designed according to the 5’-GG-(N)18-NGG-3’ criteria.

Following primer design a gRNA PCR was conducted using conditions recommended by
the manufacturer (PrimeSTAR GXL DNA polymerase, Takara Bio). The resulting PCR
product was purified (QIAquick PCR purification Kit, Qiagen) for use with gRNA
synthesis. gRNA was synthesized according to the protocol recommended by the
manufacturer (MAXIscript T7, Invitrogen). Along with target gRNA’s, kmo gRNA was
also used as a marker gene to screen for mutants. All guide RNA’s used were mixed at
equal amounts to produce the gRNA cocktail for injection. gRNA was then used for
microinjection to study knockout effect. Eggs were collected and injected with gRNA as
described in a previous study (62). Following injection, eggs were rested in a humid
temperature for 3 days before being hatched in water. The resulting emerged larvae were
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assayed for white eye phenotype to identify mutants. Hatch rates and mutation rates were
calculated for each gene.

3.3
3.3.1

Results
Identification of Testes-Specific genes in Ae. aegypti
After obtaining Transcript level abundance from RNA-Seq data, fold change

values of testes data relative to each of the other developmental stage data were also
obtained. These fold change values were used with a Concomitant evaluation of
Distinctness and similarity (CDS) statistical test to identify unique genes specific to
testis. This provided us with a gene set that was specifically expressed only in the testes.
34 genes that were expressed only in the adult male testes of Ae. aegypti were identified.
The expression of these genes was plotted on to a heatmap in Figure 3.1, the heatmap
shows that the genes were expressed only in the male testes and not elsewhere. This is in
contrast with the variability observed across stages for epigenetic factors targeted in
Chapter 2.
3.3.2

Verification of expression of Potential target genes through qPCR
Following the identification of testes-specific genes, a conformation of the result

through qPCR was needed before any of the genes were tested for knockout effect
through CRISPR-Cas genome editing. For verification with qPCR, a few genes were
selected that were previously reported in spermatogenesis. Pickpocket 37 has been shown
to express in the later stages of testes development and is a group that encodes amiloridesensitive cation channels (71). Amiloride-sensitive cation channels have been previously
shown to be the regulators of the sperm plasma membrane potential (72). Cilia and
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flagella associated proteins have been previously shown to involved in spermatogenesis
in D. melanogaster (63). Zinc finger proteins have also been identified as crucial genes
during spermatogenesis in D. melanogaster (64, 65). Genes such as Trypsin, Gooseberry
neuro, Testes-specific Histone H1 and Fibronectin have been previously described as
important regulators of spermatogenesis in multiple studies (66, 67, 68, 69). Although not
necessarily implicated in spermatogenesis, Actin cytoskeleton regulatory complex protein
PAN1 has been shown to be involved in endocytosis and important in dissolving the
plasma membrane; this suggests that the gene could be playing a role during fertilization
(70). Our qPCR assay showed that the expression level observed in the RNA-Seq data
was consistent with the expression level observed in qPCR (Figures 3.2 – 3.11). All the
genes picked following CDS statistical analysis showed no expression during the juvenile
stages of Ae. aegypti. No expression was observed for any of the genes during the adult
stages except for the male testes which was our goal. However, minute peaks were
observed for a few stages which were largely circumvented due to the ambiguousness
involved in the observed peak. Some of the genes picked did have isoforms which was
potentially contributing to the expression observed in other stages. In addition, most of
the peaks observed showed a cycle threshold value exceeded 30 indicating trace amounts
which correlated with the RNA-Seq data. Having confirmed that our RNA-Seq
expression levels resemble the actual expression level observed in the qPCR data, 3 genes
were selected for further studies.
3.3.3

Target gene selection and Gene knockout
Following verification, three genes were selected to be tested using the CRISPR-

Cas gene-editing system. For this bioassay, Actin cytoskeleton regulatory complex
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protein PAN1 (PAN1), Cilia and flagella associated protein 299 (CFAP299), and TestesSpecific Histone H1 (H1) were selected. Due to PAN1 gene being potentially involved in
fertilization, the gene was considered as a potential target for SIT and also to understand
any corresponding phenotype that was unique to its knockdown. CFAP299 and H1 were
previously cited to be involved in spermatogenesis. Following the injection of the
specific guide RNA, total hatch rate and mutation frequency (Table 3.2) were calculated.
Due to the difficulty in assessing each emerged individual for potential mutations, Ae.
aegypti KMO gene was used to assist in identifying mutant individuals. KMO induces
white-eye phenotype following knockout, either mosaic or complete, which can be used
to identify mutants (24).
3.3.4

Analyzing target gene knockout-phenotypes
Following injection, the emerged individuals were reared until they reached the

pupal stage. During the pupal stage, mutant individuals were screened by identifying
either the mosaic or complete white-eye phenotype among the individuals. Post selection
of mutants, the pupae were then reared until they emerged as adults. The adults were
blood-fed after maturation and were used to assay the phenotype. A prediction was made
that the fecundity of the mutated individuals would be lower compared to wildtype
individuals and mutant individuals harboring Cas9 expression cassette. Following egg
laying, the total number of eggs were counted and the statistical difference between
mutant and wildtype individuals was calculated to ascertain the use of the target genes in
mosquito population control. Significant reductions in egg-laying were observed for each
of the mutant mosquitoes. H1 showed the highest reduction in egg production, followed
by CFAP299 and PAN1, respectively (Figure 3.12).
86

3.4

Discussion
To identify potential target genes that could replace existing SIT technologies,

male-specific genes expressed in sexual organs were identified. 34 testes-specific genes
were identified in Ae. aegypti (Figure 3.1), of which three genes were tested using the
CRISPR-Cas gene knockout method. Mutants were identified based on the white eye
phenotype and reared until adult maturation to assay for the phenotype.
After the emergence of adults, blood meals were provided for 3 days to observe
fecundity. Hatch rates of around 60% were observed for each of the 3 target genes. In
addition, a mutation frequency of 26.47% in PAN1, 13.36% in CFAP299 and 12.15% in
H1 was observed. These individuals were used to produce eggs for phenotypic assays of
which Histone H1 mutants showed the highest reduction in egg production compared to
both wildtype and cas9 mutant strains. PAN1 and CFAP299 also showed very high
reductions in egg-laying albeit lower compared to Histone H1. Nevertheless, this is a
promising result because it gives critical information regarding the potential of these
genes in SIT techniques. Previous research showed that CFAP 299 is involved in
spermatogenesis (63); considering the importance of flagellar movement to sperm, the
mutants could have potentially suffered from poor sperm mobility. The decrease in egglaying observed does indicate that CFAP399 is a good target to be used in the SIT
technique; however, it is not feasible to inject eggs, which is why an alternative to mass
rearing male mosquitoes with the mutations has to be tested. This thesis primarily serves
to identify targets which could be further studied with environmental implementation in
mind. Testes specific histone H1 has also been touted as a regulator of spermatogenesis
(66), due to its role as a chromatin remodeler in the sperm biogenesis it is another crucial
gene that has potential with the SIT technique. In addition, an extremely high reduction in
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egg production was noted compared to control samples, which can be further studied to
explicate the role of the gene. Actin cytoskeleton regulatory complex protein PAN1 has
been implicated in endocytosis as an important factor in potentially dissolving the plasma
membrane during fertilization (70). Results from PAN1 gRNA injections are also
promising giving another ideal target for sterilization programs. Reduction in egg-laying
was observed in all three of the mutant samples. However, the mode of action of each of
the genes was evidently based on past research.. These genes could be further studied to
explicate their roles, which can be essential when trying to use a transgenic approach to
controlling mosquitoes. Assays on sperm viability and fertilization events could identify
the exact role of these genes.
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Table 3.1 Hatch rates and mutation frequency of eggs injected
Gene

Total

Total

Hatch

White

Mutation

Eggs

Hatched

Rate

eye

frequency

(%)

(Mutants)

(%)

Injected
PAN1

238

145

60.93

63

26.47

CFAP299

208

106

50.96

28

13.46

H1

214

108

50.47

26

12.15

Table 3.2 Fecundity of mutated individuals compared to wildtype individuals
Type
Total Eggs
Average Eggs
Percent difference between
produced

produced per

mutant and wildtype

female
Wildtype

1267

35.25

0%

Cas9

1022

31.94

9.41 %

PAN1 mutant

345

10.15

71.21 %

H1 mutant

36

0.88

97.5 %

CFAP299

102

6.38

81.91 %

mutant
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Figure 3.1 Heatmap of testes-specific genes identified from RNA-Seq.
RNA-Seq data was aligned to reference transcriptome as described in methods to obtain
transcript level abundance. Transcript level abundance was used to calculate fold change
of testes samples as opposed to all other biological samples. Fold change values were
used to perform a Concomitant test for Distinctness and Similarlity (CDS) to identify
potential target genes. A total of 34 genes specifically expressed in the testes were
identified. The heatmap shows expression of potential target genes expressed only in the
testes. The gene names are presented to the right of the image and the biological sample
corresponding to the specific stage in Ae. aegypti development is presented on the top.
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Figure 3.2 Expression profile of Pickpocket 37 in RNA-Seq and qPCR data obtained
as described in Figure legend.
A) Following extraction of transcripts per million (TPM) statistic from RNA-Seq data,
the expression was plotted into a bar graph to identify stage-specific expression. B) To
verify RNA-Seq data, RNA was extracted from samples at the corresponding stages to
quantify Pickpocket 37 expression level in the respective stages. cDNA converted from
RNA and gene-specific primers were used in RT-qPCR to determine mRNA levels of
Sirtuin 4 using Ribosomal protein S7 (RPS7( as a reference gene. Mean+S.E (n=3) are
shown.
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Figure 3.3 Expression profile of Cilia and flagellar associated protein (CFAP) 58 in
RNA-Seq and qPCR data (Figures were generated as described in Figure 3.2).
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Figure 3.4 Expression profile of Cilia and flagellar associated protein (CFAP) 299 in
RNA-Seq and qPCR data (Figures were generated as described in Figure 3.2).
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Figure 3.5 Expression profile of Zinc finger protein 62 in RNA-Seq and qPCR data
(Figures were generated as described in Figure 3.2).
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Figure 3.6 Expression profile of Zinc finger protein 350 in RNA-Seq and qPCR data
(Figures were generated as described in Figure 3.2).

95

A

Trypsin 3A1 RNA-Seq

350
300
250
200
150
100
50
0
-50

B

Trypsin 3A1 qPCR

0.008
0.007
0.006
0.005
0.004
0.003
0.002
0.001
0

Figure 3.7 Expression profile of Trypsin 3A1 in RNA-Seq and qPCR data (Figures
were generated as described in Figure 3.2).
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Figure 3.8 Expression profile of Testes-specific histone H1 in RNA-Seq and qPCR
data (Figures were generated as described in Figure 3.2).
.
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Figure 3.9 Expression profile of Fibronectin type 3 domain containing protein 3A
(Fibronectin) in RNA-Seq and qPCR data (Figures were generated as described in
Figure 3.2).
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Figure 3.10 Expression profile of Actin cytoskeleton regulatory complex protein
PAN1 in RNA-Seq and qPCR data (Figures were generated as described in Figure
3.2).

99

A

Gooseberry Neuro RNA-Seq

140
120
100
80
60
40
20
0

B

Gooseberry Neuro qPCR

0.0035
0.003
0.0025
0.002
0.0015
0.001
0.0005
0

Figure 3.11 Expression profile of Gooseberry neuro in RNA-Seq and qPCR data
(Figures were generated as described in Figure 3.2).
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Figure 3.12 Difference between fecundity across wildtype and mutant samples.
After injection of Ae. aegypti eggs produced from the cas9 strain, the eggs were
incubated for hatching l. The larvae were fed a diet containing bovine liver powder.
Following pupation, the individuals were put in cages for the emergence of adults. The
adults were fed on a sucrose diet for 3 days and fed sheep blood for the next three days
after which an oviposition cup was inserted into the cage. Total eggs were counted and
average eggs laid per female was calculated. On average mutant individuals showed a
severe reduction in egg production compared to control individuals.
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CHAPTER 4. CONCLUSION & FUTURE DIRECTIONS
Our results from RNAi indicate a critical role for epigenetic factors during the
molting processes. However, these target genes can be further studied to improve the
current understanding of these epigenetic factors in the yellow-fever mosquito. One of
the major obstacles for this is the difficulty of studying these epigenetic factors during the
adult stages. Although the target genes were studied during the larval stages, late L2
larvae were used for the bioassay due to the L1 larvae being highly sensitive resulting in
premature deaths. One way to overcome both these obstacles is to use the CRISPR-Cas
method to generate transgenic mosquitoes for the respective target gene. For this
experiment, an inducible cas9 expression system (134, 135, 136) can be used for stage
specific knockdown analysis. By using an inducible cas9 system, the risk associated with
embryonic lethality can be alleviated, which is a cause for concern in gene knockout
studies. The cas9 expression cassette could be induced during a specific developmental
time point to assess the effect of the knockout at that particular time point. This is also
helpful in studying the role of the gene during the adult stages, making it easier to
knockdown target genes. However, there are challenges in creating the mutant strain of
the aforementioned inducible cas9 cassette. The difficulty in producing in a knockin of a
given gRNA introduces challenges to testing the method. Regardless, it is important to
test the technology in mosquitoes to study genes crucial to their development and
maturation. Contrarily, knockout individuals can also be used to assess the histone
modification of the genome to reveal the regions targeted by the epigenetic factor. By
using Atac-Seq, one can map the modifications that occur throughout the genome. One
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can also use this to attribute specific chromosomes as well as specific gene clusters to a
given epigenetic factor.
CRISPR-Cas genome editing experiment revealed three genes that could
potentially be used in mosquito control. By targeting spermatogenesis, fertilization events
that follow after mating rituals are affected. This experiment, however, is only a
preliminary study and has to be improved before the genes are considered for SIT. One of
the ways to do this is to either use inducible cas9 systems or cross mutant males with
wild-type females. By using a cas9 expression system and crossing it with gRNA
harboring transgenic mosquitoes, it is possible to obtain complete knockout of target
genes. This also helps in furthering this research as it provides a mechanism to produce
mutant males that can be released into the wild. It is also important to understand the
transcriptomic profile of the mosquitoes following knockout to assess the general
expression profile of a given mutant. This could help in identifying cryptic genes that
could have been affected during the knockout.
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